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Available online 3 March 2012AbstractDue to the climate change, vegetation of tundra ecosystems is predicted to shift toward shrub and tree dominance, and this
change may influence bryophytes. To estimate how changes in growing environment and the dominance of vascular plants influence
bryophyte abundance, we compared the relationship of occurrence of bryophytes among other plant types in a five-year experiment
of warming (T), fertilization (F) and Tþ F in two vegetation types, heath and meadow, in a subarcticealpine ecosystem. We
compared individual leaf area among shrub species to confirm that deciduous shrubs might cause severe shading effect. Effects of
neighboring functional types on the performance of Hylocomium splendens was also analyzed.
Results show that F and Tþ F treatments significantly influenced bryophyte abundance negatively. Under natural conditions,
bryophytes in the heath site were negatively related to the abundance of shrubs and lichens and the relationship between lichens and
bryophytes strengthened after the experimental period. After five years of experimental treatments in the meadow, a positive
abundance relationship emerged between bryophytes and deciduous shrubs, evergreen shrubs and forbs. This relationship was not
found in the heath site. Our study therefore shows that the abundance relationships between bryophytes and plants in two vegetation
types within the same area can be different. Deciduous shrubs had larger leaf area than evergreen shrubs but did not show any
shading effect on H. splendens.
 2012 Elsevier B.V. and NIPR. All rights reserved.
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doi:10.1016/j.polar.2012.02.002ecosystem. Despite the fact that vascular plants and
bryophytes often coexist in terrestrial ecosystems,
interactions between these plant groups have not been
investigated thoroughly (van der Wal et al., 2004).
Knowledge of the interactions among plants is crucial
to predict vegetation changes caused by global climate
change. In fact, there is currently an urgent need to
study not only climate change effects but also to
include the interactions taking place between species
(Walther, 2010).reserved.
201A.K. Ja¨gerbrand et al. / Polar Science 6 (2012) 200e208Bryophytes play a significant role in many terres-
trial ecosystems (Longton, 1984) and exhibit an
increase in relative abundance in ecosystems at higher
altitudes and latitudes (Wielgolaski et al., 1981; Vitt
and Pakarinen, 1977). Bryophytes are important
components of the ecosystem functioning, especially
in colder biomes (Cornelissen et al., 2007).
The impact of climate change is increasing partic-
ularly in ecosystems in cold biomes compared to others
(EEA, 2004). In fact, over the past few decades the
Arctic has experienced rapid climatic change: average
mean temperature has increased twice that of the rest
of the world (ACIA, 2004). The observed temperature
increase can manifest to form enhanced plant growth at
northern high latitudes and mid-latitudes (Myneni
et al., 1997; Nemani et al., 2003), while altering the
distribution and abundances of species (EEA, 2004;
McCarthy et al., 2001). Temperature increases at
high altitudes has caused the tree-line to continually
move northwards and upwards (ACIA, 2004; Kullman,
2001, 2002; McCarthy et al., 2001; Parmesan and
Yohe, 2003), concurrently with wide shifts in species
ranges (Parmesan and Yohe, 2003; Root et al., 2003)
and increased abundances of more thermophilic
organisms (EEA, 2004).
Consequently, global climate change is predicted to
cause major biome shifts, for example, large parts of
tundra vegetation could be converted into boreal or
temperate forests (ACIA, 2004; EEA, 2004). Both
alpine and arctic ecosystems are identified as most
sensitive with high risks of irreversible damage at the
species level (McCarthy et al., 2001). Previous studies
demonstrated that plant communities in subarctic and
arctic ecosystems shifted in an increase of native
deciduous shrubs to climate change (Chapin et al.,
1995; Ja¨gerbrand, 2005; Ja¨gerbrand et al., 2009;
Sturm et al., 2001). A previous study in an alpine
region in Japan revealed that deciduous shrubs highly
increased the height growth and canopy expansion due
to the frequent incremental branching under warming
treatment resulting in the suppression of other plants
(Kudo and Suzuki, 2003).
Experimental manipulations simulating climatic
change usually have negative and detrimental effects
on abundance, growth or cover of bryophytes (Graglia
et al., 2001; Ja¨gerbrand, 1996; Ja¨gerbrand et al., 2003;
Potter et al., 1995; Press et al., 1998; van Wijk et al.,
2003), while some other studies show positive trends
in growth or patterns of species distributions (Gordon
et al., 2001; Ja¨gerbrand, 2007; Sandvik and
Heegaard, 2003). Negative effects on bryophytes can
be interpreted as an indirect response to increaseddominance of vascular plants caused by increases in
canopy layer, shading, and overloaded litter fall on
ground vegetation (van Wijk et al., 2003). A previous
study conducted in Alaska and northern Sweden
revealed negatively correlated responses of bryophytes
against deciduous shrubs and grasses under simulated
environmental change (van Wijk et al., 2003).
However, experimental field trials showed increased
shading in tundra ecosystems with very weak or non-
significant responses in abundance or biomass of
bryophytes (Graglia et al., 2001; van Wijk et al., 2003).
Studies performed in different ecosystems suggest
that light might be a limiting factor for growth or
biomass accumulation of bryophytes (Bergamini
and Peintinger, 2002; van der Wal et al., 2004).
Consequently, there are large uncertainties in our
understanding on how vascular plants in high alpine,
subarctic, and arctic ecosystems may influence
bryophytes.
Shading effects from structure and growth of
vascular plants on bryophytes need to be investigated
with reference to the growth dynamics of shrubs in
tundra vegetation. New approaches to analyze the
possible shade responses of bryophytes are required
because in situ shade experiments may not reproduce
the actual shade responses of those observed in simu-
lated climatic change in the field. In this study, we
therefore focussed on investigating the underpinning of
abundance of vascular plants on bryophytes under
natural conditions and after a five-year experimental
perturbation, at a subarcticealpine site. We compare
the results between two different vegetation types,
a meadow and a heath ecosystem, because it has been
shown previously that the response to simulated
climate change might be different or even dissimilar
between these two vegetation types within the same
study area (Ja¨gerbrand et al., 2009). Furthermore,
effects of simulated climate change in heath sites have
been abundantly studied, but there is a lack of studies
showing responses in meadow sites (see references in
Ja¨gerbrand et al., 2009). Thus, in order to reveal the
variation of responses to experimental manipulations
simulating climate change it is crucial to include
ecosystems that have the potential for different
responses. Results from the climate change experiment
(i.e. warming and fertilization) have been described in
previous publications (Ja¨gerbrand et al., 2003, 2009;
Molau and Alatalo, 1998).
First, we investigated if bryophyte abundance was
negatively affected by the proximity of deciduous or
evergreen shrubs in different vegetation under natural
conditions. Then, we assessed if the simulated climate
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and vascular plants. We used functional plant types to
analyze the general trends between bryophytes and
deciduous shrubs, evergreen shrubs, graminoids, and
forbs. We added lichens in plant functional types
because they are as important components as vascular
plants at our study site. We complemented our analyses
from the climate change in situ experiments with
analyses of individual leaf area of deciduous and
evergreen shrubs in order to establish that deciduous
shrubs at the site have higher individual leaf area
compared to evergreen shrubs, since larger individual
leaf area indicates increased shade. For plants
including bryophytes chlorophyll concentration can be
used as a bioassay examining physiological responses
to light environments (Dale and Causton, 1992; Martin,
1980; Martin and Churchill, 1982). We used Hyloco-
mium splendens as a target species in this study
because it is one of the most well-studied bryophyte
species (Callaghan et al., 1978; Tamm, 1953; Økland,
1995), and also a very common species in the
Northern Hemisphere (Persson and Viereck, 1983)
with a wide distribution from the temperate zones to
tundra vegetation (Nyholm, 1965; Schofield, 1985).
Ja¨gerbrand and During (2005) showed that H. splen-
dens decreased in biomass under simulated shading in
experiments ex situ. Thus, to investigate whether
shrubs may induce shade responses of bryophytes, we
also analyzed chlorophyll concentration, chlorophyll
a/b ratio, and biomass of H. splendens growing in close
proximity to graminoids, evergreen shrubs or deciduous
shrubs.
2. Materials and methods
2.1. Study site
This study was conducted at Latnjajaure (68210N,
18300E), located in the northern Sweden. Latnjajaure
is situated at 980 m a.s.l., geographically classified as
subarcticealpine. However, the vegetation is more
typical of the High Arctic (Molau and Alatalo, 1998).
Mean annual temperature varied from 2.2 to
2.9 C, and mean annual precipitation ranged from
605 to 990 mm during 1993e1996. The area is
geologically heterogeneous from acidic to basic rock,
and vegetation therefore consists of a range of various
plant communities under wet to dry conditions
(Ja¨gerbrand et al., 2006). The unique feature with
geological differences and the presence of calcareous
grounds makes the area suitable for studies comparing
ecosystems dominated by different plant types.The heath site has low vascular plant species rich-
ness but high species diversity in the bottom layer.
Dominant vascular plant species include Loiseleuria
procumbens, Arctostaphylos alpinus, Betula nana,
Empetrum hermaphroditum, Vaccinium vitis-idaea,
Salix herbacea, Diapensia lapponica and Carex bige-
lowii. Bottom layer species are e.g. Kiaeria starkei,
Polytrichum juniperinum and Cladonia spp.
The mesic meadow site is dominated by dwarf-
shrubs (e.g. Cassiope tetragona, and Rhododendron
lapponicum), sedges (Carex spp.), herbs (e.g. Poten-
tilla crantzii and Campanula uniflora) and bryophytes
(e.g. H. splendens and Tomentypnum nitens). There are
few lichens in the bottom layer. The meadow is more
diverse in vascular plant species compared with the
heath site.
2.2. Experimental design and measurements
In 1995, 20 plots of 1-m2 squared plots were
analyzed with the point-frame analysis (Walker, 1996)
for species occurrences in each of a heath site and
a meadow site under natural conditions. The purpose
was to study long-term responses and ecosystem
changes to simulated climate change in two very
different vegetation types, a heath and a meadow. A
frame (1 1 m) was used to intercept 100 “hits” of
coexisting two vegetation layers, which included both
the canopy top-layer and the bottom layer. This method
is a well-established, somewhat standard, measurement
procedure for in situ experiments simulating environ-
mental change in tundra regions (Walker et al., 2006).
The same plots were then used for an experiment of
warming and nutrient enrichment. In each site (heath
and meadow), four plots received one of the following
treatments: increased temperature of 1.5e3.0 C by
using open-top chambers (T), increased nutrient
availability by adding 5 g of N and 5 g of P per m2 (F),
and the combined treatment of both temperature and
nutrient increase (TF) (for more details, see
Ja¨gerbrand, 2005; Ja¨gerbrand et al., 2003, 2006, 2009;
Molau and Alatalo, 1998). The remaining eight plots
were used as intact controls. Furthermore, we used
species abundance to analyze the co-occurrence of
bryophytes and vascular plants before experiment
(1995; “natural conditions”) and after the five-year
experimental perturbation.
Individual leaf area of deciduous and evergreen
shrubs was determined in 1996 at Latnjajaure for 20
leaves in each of four evergreen shrubs (Dryas octo-
petala, E. hermaphroditum, Phyllodoce caerulea, V.
vitis-idaea) and of three deciduous shrubs (B. nana,
Table 1
Results of a multiple regression model explaining the frequency of
bryophytes at the heath site in 1995. Explanatory variables (frequency
of other functional types) were selected with AIC. Number of
plots¼ 20.
Variable Coefficient SE t Value P value
Intercept 60.49 7.60 7.95 <0.001
Deciduous shrubs 0.29 0.14 2.10 0.053
Evergreen shrubs 0.99 0.33 2.96 0.010
Forbs 1.88 1.02 1.83 0.087
Lichens 0.54 0.18 2.90 0.011
F4, 15¼ 7.66, P¼ 0.0014, adjusted R2¼ 0.58.
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leaves was performed in mid-July when leaves were
fully expanded and leaf area was at maximum size. As
for evergreen leaves, we sampled one-year leaves as
new leaves were not at maximum size.
2.3. Laboratory analyses
In 31 July and 1 August 1996, one to three turfs of
H. splendens (Hedw.) Schimp. were collected in close
proximity of <5 cm to each structured component of
eleven different vascular plants composed of three
functional groups, graminoid, evergreen shrub and
deciduous shrub, and dried at room temperature. The
samples were kept dry and dark before chlorophyll
content was analyzed in December 1996. For each of
the samples, one to three subsamples were taken,
milled, and then further divided into two parts; one
used for chlorophyll a/b determination subjected to
a spectrophotometer (UVevisible recording spectro-
photometer UV-240, Shimadzu Corp., Japan) and the
other for dry weight determination. Only the apical
green parts of shoots were used for chlorophyll anal-
yses. Laboratory procedure for chlorophyll of bryo-
phytes were reported in (Ja¨gerbrand et al., 2005). For
biomass measurements, four shoots were randomly
selected from each sample, cut to 3 cm and dried for
40 h at 70 C.
2.4. Study species
H. splendens is a dioecious and pleurocarpous
bryophyte, classified as a perennial stayer in During’s
life strategy (During, 1979). H. splendens is an ecto-
hydric species that can absorb water over the plant
surface from ambient air (During, 1990; Proctor, 1982).
It is poikilohydric (Hosokawa et al., 1964) and can
survive under dry conditions by suspending metabolism
without dying (Callaghan et al., 1978; Proctor, 1984,
1990).
2.5. Statistical analyses
Effects of the abundance of other functional groups
and experimental treatments on the abundance of
bryophytes were evaluated by a multiple linear
regression model using an open source system, R
version 2.10.0. The following functional plant groups
were used for this analysis; graminoids (both grasses
and sedges), forbs, evergreen shrubs, deciduous shrubs,
lichens, and bryophytes, which coincided with
a previous study by Chapin et al. (1996). For data of1995, we considered only individual functional groups
as explanatory factors as all plots were set under
natural conditions, while we added experimental
treatments (T, F or TF) as explanatory factors for data
of 1999. Only effective variables were selected based
on AIC values (Akaike’s Information Criterion) in the
multiple linear regression model.
The significance of leaf area was tested statistically
with a two-way ANOVA for species and plant groups
as fixed factors. Data on chlorophyll variables, i.e. total
chlorophyll concentration and chlorophyll a/b ratio,
and biomass were log-transformed prior to one-way
ANOVA. When significant, the ANOVA was fol-
lowed by the TukeyeKramer post hoc test that is
appropriate when sample sizes are unequal (Sokal and
Rohlf, 1995). One-way ANOVAs were performed
using the software Past ver. 1.81 (Hammer et al.,
2008), two-way ANOVA was performed in R
(version 2.7.0). Nomenclature follows (Nilsson, 1991)
for vascular plants and for bryophytes (So¨derstro¨m and
Hedena¨s, 1998).
3. Results
In the heath site before the experiment (1995), the
multiple regression model showed a high explaining
power (R2¼ 0.58, P¼ 0.0014; Table 1) in which all
functional types but graminoids were selected as
explanatory variables by a model selection based on
AIC. The abundance of bryophytes was negatively
correlated to the abundance of deciduous shrubs,
evergreen shrubs and lichens although the impact of
deciduous shrubs was marginal (P¼ 0.05). Explaining
power of the multiple regression model in the meadow
site before the experiment (1995) was low (R2¼ 0.12,
P¼ 0.12; Table 2) and only graminoids and lichens
were selected by the model. The impact of graminoids
was not significant (P> 0.10) and that of lichens was
marginal (P¼ 0.07).
Table 2
Results of a multiple regression model explaining the frequency of
bryophytes at the meadow site in 1995. Explanatory variables
(frequency of other functional types) were selected with AIC. Number
of plots¼ 20.
Variable Coefficient SE t Value P value
Intercept 78.05 10.20 7.65 <0.001
Graminoids 0.52 0.38 1.36 0.190
Lichens 0.74 0.38 1.93 0.070
F2, 17¼ 2.33, P¼ 0.13, adjusted R2¼ 0.12.
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fertilization in the heath, the multiple regression model
showed a significant explaining power (R2¼ 0.54,
P¼ 0.0051; Table 3). Bryophyte abundance was
negatively influenced by the treatment of fertilization,
F and FT, but not by warming (T) alone (Table 3,
Fig. 1). Among five functional groups, only evergreen
shrubs and lichens were selected as explanatory vari-
ables. Lichens still showed a negative impact on
bryophyte abundance but the impact of evergreen
shrubs was not significant (P> 0.10). After the five-
year experiment in the meadow site, the multiple
regression model showed a high explaining power
(R2¼ 0.87, P< 0.0001; Table 4). Similar to the heath
site, bryophyte abundance was negatively influenced
by the treatment of fertilization, F and FT, while the
effect of T alone was marginal (Table 4, Fig. 1). All
five functional plant type was selected as explanatory
variables by the model selection and deciduous shrubs,
evergreen shrubs and forbs positively influenced the
bryophyte abundance (P< 0.05).
Individual leaf area was significantly higher in
deciduous shrubs compared to evergreen shrubs (Two-
way ANOVA; for groups deciduous/evergreen:
F¼ 380.7; df¼ 1; P< 0.0001, for species: F¼ 78.8;
df¼ 5; P< 0.0001). Leaf area was highest in S.Table 3
Results of a multiple regression model explaining the frequency of
bryophytes at the heath site in 1999. Explanatory variables (envi-
ronmental treatments and frequencies of other functional types) were
selected with AIC. Number of plots¼ 20.
Variable Coefficient SE t Value P value
Intercept 75.83 14.76 5.14 <0.001
Treatment F 19.43 7.73 2.51 0.025
Treatment T 8.27 6.37 1.30 0.215
Treatment TF 47.75 10.81 4.42 <0.001
Evergreen shrubs 0.54 0.36 1.49 0.157
Lichens 0.82 0.26 3.16 0.007
Treatment F: fertilization; treatment T: warming; treatment TF: fer-
tilizationþwarming.
F5, 14¼ 5.52, P¼ 0.005, adjusted R2¼ 0.54.reticulata, while B. nana had similar leaf area as D.
octopetala (Table 5).
Total chlorophyll concentration and biomass in H.
splendens were not significantly affected by adjacent
vascular plants, but chlorophyll a/b ratio was signifi-
cantly higher in bryophytes growing in close proximity
to deciduous shrubs (Fig. 2; F¼ 4.6; df¼ 2;
P¼ 0.015).
4. Discussion
4.1. Effects of neighboring organism on the perfor-
mance of bryophytes
The abundance of bryophytes under natural condi-
tions was negatively related to the abundance of
deciduous shrubs, evergreen shrubs and lichens in the
heath site, but no such relationships were found in the
meadow site. Therefore, the relationships between
bryophytes and other plant functional types may be
different between the two habitat types. This is not
surprising since the heath site has a vascular plant
cover that is discontinuous and the heath plant
community is highly dominated by vascular plants,
lichens and bryophytes that are dry- and light tolerant.
Any change toward a denser vascular plant canopy
cover or higher abundance of lichens would likely
affect the bryophytes in a negative way so that they
will decrease in abundance. However, in the meadow
there are naturally many different species of vascular
plants, including dwarf-shrubs, that may cause a more
shaded environment for bottom layer species. The
meadow is therefore inhabited by species that are
typical “forest-floor” bryophytes, i.e. bryophyte
species that thrive in the canopy beneath shrubs or
other plants and prefer more mesic conditions.
The fertilization treatment and the combined treat-
ment of warming and fertilization influenced bryo-
phytes negatively in the heath and meadow sites but
warming treatment alone did not influence bryophyte
abundance at any site. Thus, the abundance of bryo-
phytes decreased in response to fertilization but did not
change in response to temperature increase which is in
accordance with other studies conducted at the site
(e.g. Ja¨gerbrand et al., 2009).
A previous study demonstrated a negative correla-
tion between bryophytes and deciduous shrubs
(r¼0.45) in in situ experiments simulating climate
change in Alaska and northern Sweden (van Wijk
et al., 2003). Strongest negative correlation between
deciduous shrubs and bryophytes was reported in
Alaska, whereas the relationship between shrubs and
Fig. 1. Relationships in the abundance of bryophytes per plot between 1995 (before experiment) and 1999 (after five-year experiment) in the
heath (a) and meadow sites (b). Open circles indicate F or TF treatment that significantly influenced the abundance of bryophytes. Closed circles
indicate T and C treatments. See Tables 3 and 4 for statistical results. Number of plots¼ 20.
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may indicate that shrubs in the heath community might
influence bryophytes negatively (as seen under natural
conditions prior to experimental manipulation), which
is contrary to the conclusions of van Wijk et al. (2003).
However, after five years of experimental manipu-
lations, the negative relationship between bryophytes
and shrubs disappeared, while the negative relation
between lichens and bryophytes became stronger. After
five years of experimental manipulations in the
meadow, positive abundance relationships emerged
between bryophytes and deciduous shrubs, evergreen
shrubs and forbs. Thus, our results show that the
experimental treatments alter the interactions between
bryophytes and the other plant functional types. This is
in line with previous studies in alpine communitiesTable 4
Results of the multiple regression model explaining the frequency of
bryophytes in the meadow site in 1999. Explanatory variables (envi-
ronmental treatments and frequencies of other functional types) were
selected with AIC. Number of plots¼ 20.
Variable Coefficient SE t Value P value
Intercept 9.28 34.81 0.27 0.795
Treatment F 54.93 19.04 2.88 0.014
Treatment T 15.96 7.31 2.18 0.051
Treatment TF 67.87 11.85 5.73 <0.001
Deciduous shrubs 2.37 0.91 2.60 0.024
Evergreen shrubs 0.97 0.42 2.30 0.042
Graminoids 1.02 0.75 1.35 0.203
Forbs 1.17 0.44 2.64 0.023
Lichens 0.93 0.45 2.04 0.066
Treatment F: fertilization; treatment T: warming; treatment TF: fer-
tilizationþwarming.
F8, 11¼ 16.32, P< 0.001, adjusted R2¼ 0.87.showing that climate change may modify species
interactions (Klanderud, 2005; Klanderud and Totland,
2005). However, while our experiment induced posi-
tive relationships between forbs and bryophytes,
Klanderud and Totland (2005) showed the opposite
trend, i.e. bryophyte abundance decreased simulta-
neously as forbs and grasses increased in abundance.
This dissimilarity can perhaps be explained by the
complexity of plant community responses to climate
change experiments. Responses and sensitivity to
climate warming may depend upon a number of
different factors and initial conditions (Jo´nsdo´ttir et al.,
2005; Ja¨gerbrand et al., 2009). It is therefore likely that
such differences will also be reflected in the interac-
tions between plant functional groups both before and
after experimental manipulations. For example, in the
study of Klanderud and Totland (2005), the most
dominant plant under natural conditions was D. octo-
petala while this plant is not the most dominant one in
our plots (Ja¨gerbrand et al., 2009).
Previous studies demonstrate that grasses may
increase dramatically after fertilization in nitrogen-
poor tundra ecosystems (Graglia et al., 2001; Parsons
et al., 1995). Increases in vascular plant canopy may
cause bryophytes or cryptogams to decline in abun-
dance or cover due to increased shading effects
combined with burial by plant litter (van Wijk et al.,
2003). In this study, the abundance of grasses did not
significantly influence bryophyte abundance under
natural or experimental conditions.
Deciduous shrubs had significantly larger leaves
than evergreen shrubs, but this structural difference in
leaf size did not seem to cause any noticeable shade-
effects in H. splendens. Instead, the significantly
Table 5
Mean leaf areas (mm2) of evergreen and deciduous shrubs in sub-
arcticealpine tundra. SD¼ standard deviation, n¼ 20.
Species Leaf area (mm2) SD
Evergreen shrubs
Dryas octopetala 57.1 10.7
Empetrum hermaphroditum 3.8 0.7
Phyllodoce caerulea 8.1 1.6
Vaccinium vitis-idaea 23.5 6.5
Deciduous shrubs
Betula nana 60.1 18.2
Salix polaris 98.7 22.2
Salix reticulata 258.3 86.5
Fig. 2. Effects of neighboring vascular plants on Hylocomium splen-
dens in subarcticealpine vegetation: (a) Total chlorophyll concentra-
tion (mg g1 d.w.), (b) Chlorophyll a/b ratio, (c) Shoot biomass (mg).
G¼ graminoids, E¼ evergreen shrubs, D¼ deciduous shrubs. aeb:
P< 0.005 by one-way ANOVA followed by TukeyeKramer test.
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growing in close proximity to evergreen shrubs
indicates that continuous shading by evergreen plants
might cause more shade responses than the temporary
shading by deciduous shrubs. This is opposite to what
we expected but indicates the importance of the
continuous light conditions beneath evergreen shrubs.
Bryophytes may effectively use short light-rich
periods in the beginning and ending of the growth
season when deciduous shrubs shed their leaves
(Karlsson, 1985).
4.2. Experimental design on bryophytes in climate
change
It is likely that the growth patterns of deciduous
shrubs will change under warmer climate, and the
effects of deciduous shrubs on the surrounding vege-
tation might therefore deviate from those that are
shown in experiments simulating environmental
change. For example, B. nana in climate change
experiments in Alaska exhibited extensive growth,
resulting in a denser canopy and constrained light
conditions for surrounding plants (Bret-Harte et al.,
2001), and we put forward that such ground vegeta-
tion layer structural changes are also likely to occur in
northern Scandinavia. Therefore, it is important to do
well planned studies in areas of high risk of tempera-
ture increase that have deciduous shrubs with poten-
tially high plasticity to capture a renewed dominance,
such as B. nana, at the vegetation layer.
Our study shows that the abundance relationships
between bryophytes and vascular plants in two vege-
tation types within the same area can be different.
Thus, to adequately predict the interconnected nature
of plants in a changing environment it is important to
perform studies on bryophytes under the currently
warming conditions concurrently with experimental
207A.K. Ja¨gerbrand et al. / Polar Science 6 (2012) 200e208perturbations (shading and temperature effects) in situ
in different habitats and vegetation types.
Acknowledgments
The staff at the Botanical Institute (Go¨teborg
University), Latnjajaure field station, and Abisko
Research station are acknowledged for all and any kind
of support. Dillon Chrimes and two anonymous
reviewers are thanked for valuable suggestions that
improved the manuscript. Compilation of this article
was possible in part by support from the Japan Society
for Promotion of Science (P07727) to AKJ.
References
ACIA, 2004. Impacts of a Warming Arctic: Arctic Climate Impact
Assessment. Cambridge University Press, Cambridge.
Bergamini, A., Peintinger, M., 2002. Effects of light and nitrogen on
morphological plasticity of the moss Calliergonella cuspidata.
Oikos 96, 355e363.
Bret-Harte, M.S., Shaver, G.R., Zoerner, J.P., Johnstone, J.F.,
Wagner, J.L., Chavez, A.S., Gunkelman, R.F.I.V., Lippert, S.C.,
Laundre, J.A., 2001. Developmental plasticity allows Betula
nana to dominate tundra subjected to an altered environment.
Ecology (Washington DC) 82, 18e32.
Callaghan, T.V., Collins, N.J., Callaghan, C.H., 1978. Photosynthesis,
growth and reproduction of Hylocomium splendens and Poly-
trichum commune in Swedish Lapland. Oikos 31, 73e88.
Chapin III, F.S., Bret-Harte, M.S., Hobbie, S.E., Zhong, H., 1996.
Plant functional types as predictors of transient responses of
arctic vegetation to global change. Journal of Vegetation Science
7, 347e358.
Chapin III, F.S., Shaver, G.R., Giblin, A.E., Nadelhoffer, K.J.,
Laundre, J.A., 1995. Response of arctic tundra to experimental
and observed changes in climate. Ecology (Washington DC) 76,
694e711.
Cornelissen, J.H.C., Lang, S.I., Soudzilovskaia, N.A., During, H.J.,
2007. Comparative cryptogram ecology: a review of bryophyte
and lichen traits that drive biogeochemistry. Annals of Botany
(London) 99, 987e1001.
Dale, M.P., Causton, D.R., 1992. Use of the chlorophyll a/b ratios as
a bioassay for the light environment of a plant. Functional
Ecology 6, 190e196.
During, H.J., 1979. Life strategies of Bryophytes: a preliminary
review. Lindbergia 5, 2e18.
During, H.J., 1990. Clonal growth patterns among bryophytes. In:
van Groenendal, J., de Kroon, H. (Eds.), Clonal Growth in Plants.
SPB Academic Publishing, Netherlands, pp. 153e176.
EEA, 2004. Impacts of Europe’s Changing Climate, An Indicator-
based Assessment. European Environmental Agency,
Copenhagen.
Gordon, C., Wynn, J.M., Woodin, S.J., 2001. Impacts of increased
nitrogen supply on highArctic heath: the importance of bryophytes
and phosphorus availability. New Phytologist 149, 461e471.
Graglia, E., Jonasson, S., Michelsen, A., Schmidt, I.K.,
Havstro¨m, M., Gustavsson, L., 2001. Effects of environmental
perturbations on abundance of subarctic plants after three, seven
and ten years of treatments. Ecography 24, 5e12.Hammer, Ø, Harper, D.A.T., Ryan, P.D., 2008. PAST e PAlae-
ontological STatistics, ver. 1.81. http://folk.uio.no/ohammer/past.
Hosokawa, T., Odani, N., Tagawa, H., 1964. Causality of distribution
of corticolous species in forests with special reference to the
physio-ecological approach. Bryologist 67, 396e411.
Jo´nsdo´ttir, I.S., Magnu´sson, B., Gudmundsson, J., Elmarsdo´ttir, A´,
Hjartarson, H., 2005. Variable sensitivity of plant communities in
Iceland to experimental warming. Global Change Biology 11,
553e563.
Ja¨gerbrand, A.K., 1996. Arctic Moss Growth and Moss Communi-
ties: Effects of Simulated Climate Change. Go¨teborg University,
Go¨teborg.
Ja¨gerbrand, A.K., 2005. Subarctic Bryophyte Ecology: Phenotypic
Variation and Responses to Simulated Environmental Change.
Go¨teborg University, Go¨teborg.
Ja¨gerbrand, A.K., 2007. Effects of an in situ temperature increase on
the short-term growth of arcticealpine bryophytes. Lindbergia
32, 82e87.
Ja¨gerbrand, A.K., During, H.J., 2005. Effects of simulated shade on
growth, number of branches and biomass in Hylocomium splen-
dens and Racomitrium lanuginosum. Lindbergia 30, 117e124.
Ja¨gerbrand, A.K., Molau, U., Alatalo, J.M., 2003. Responses of
bryophytes to simulated environmental change at Latnjajaure,
northern Sweden. Journal of Bryology 25, 163e168.
Ja¨gerbrand, A.K., Jo´nsdo´ttir, I.S., Økland, R.H., 2005. Phenotypic
variation at different spatial scales in relation to environment in
two circumpolar bryophyte species. Lindbergia 30, 125e142.
Ja¨gerbrand, A.K., Alatalo, J.M., Chrimes, D., Molau, U., 2009. Plant
community responses to 5 years of simulated climate change in
meadow and heath ecosystems at a subarcticealpine site.
Oecologia 161, 601e610.
Ja¨gerbrand, A.K., Lindblad, K.E.M., Bjo¨rk, R.G., Alatalo, J.M.,
Molau, U., 2006. Bryophyte and lichen diversity under simulated
environmental change compared with observed variation in
unmanipulated alpine tundra. Biodiversity & Conservation 15,
4453e4475.
Karlsson, P.S., 1985. Photosynthetic characteristics and leaf carbon
economy of a deciduous and an evergreen dwarf shrub: Vacci-
nium uliginosum L. and V. vitis-idaea L. Holoarctic Ecology 8,
9e17.
Klanderud, K., 2005. Climate change effects on species interactions
in an alpine plant community. Journal of Ecology 93, 127e137.
Klanderud, K., Totland, Ø, 2005. Simulated climate change altered
dominance hierarchies and diversity of an alpine biodiversity
hotspot. Ecology 86, 2047e2054.
Kudo, G., Suzuki, S., 2003. Warming effects on growth, production,
and vegetation structure of alpine shrubs: a five-year experiment
in northern Japan. Oecologia (Berlin) 135, 280e287.
Kullman, L., 2001. 20th century climate warming and tree-limit rise
in the Southern Scandes of Sweden. Ambio 30, 72e80.
Kullman, L., 2002. Rapid recent range-margin rise of tree and shrub
species in the Swedish Scandes. Journal of Ecology 90, 68e77.
Longton, R.E., 1984. The role of bryophytes in terrestrial ecosys-
tems. Journal of the Hattori Botanical Laboratory 55, 147e163.
Martin, C.E., 1980. Chlorophyll a/b ratios of eleven North Carolina
mosses. Bryologist 83, 84e87.
Martin, C.E., Churchill, S.P., 1982. Chlorophyll concentrations and a/
b ratios in mosses collected from exposed and shaded habitats in
Kansas. Journal of Bryology 12, 297e304.
McCarthy, J.J., Canziani, O.F., Leary, N.A., Dokken, D.J.,
White, K.S. (Eds.), 2001. Climate Change 2001: Impacts,
Adaptation and Vulnerability. Contribution of Working Group II
208 A.K. Ja¨gerbrand et al. / Polar Science 6 (2012) 200e208to the Third Assessment Report of the Intergovernmental Panel
on Climate Change. IPCC, Cambridge University Press,
Cambridge.
Molau, U., Alatalo, J.M., 1998. Responses of subarcticealpine plant
communities to simulated environmental change: biodiversity of
bryophytes, lichens, and vascular plants. Ambio 27, 322e329.
Myneni, R.B., Keeling, C.D., Tucker, C.J., Asrar, G., Nemani, R.R.,
1997. Increased plant growth in the northern high latitudes from
1981 to 1991. Nature (London) 386, 698e702.
Nemani, R.R., Keeling, C.D., Hashimoto, H., Jolly, W.M.,
Piper, S.C., Tucker, C.J., Myneni, R.B., Running, S.W., 2003.
Climate-driven increases in global terrestrial net primary
production from 1982 to 1999. Science (Washington DC) 300,
1560e1563.
Nilsson, O¨, 1991. Nordisk fja¨llflora. Bonniers Fakta Bokfo¨rlag,
Stockholm.
Nyholm, E., 1965. Illustrated Moss Flora of Fennoscandia. II. Musci.
Fasc. 5. Gleerup, Lund.
Økland, R.H., 1995. Population biology of the clonal moss Hyloco-
mium splendens in Norwegian boreal spruce forests: I. Demog-
raphy. Journal of Ecology 83, 697e712.
Parmesan, C., Yohe, G., 2003. A globally coherent fingerprint of
climate change impacts across natural systems. Nature (London)
421, 37e42.
Parsons, A.N., Press, M.C., Wookey, P.A., Welker, J.M.,
Robinson, C.H., Callaghan, T.V., Lee, J.A., 1995. Growth
responses of Calamagrostis lapponica to simulated environ-
mental change in the sub-arctic. Oikos 72, 61e66.
Persson, H., Viereck, L.A., 1983. Collections and discussions of
some bryophytes from Alaska. Lindbergia 9, 5e20.
Potter, J.A., Press, M.C., Callaghan, T.V., Lee, J.A., 1995. Growth
responses of Polytrichum commune and Hylocomium splendens
to simulated environmental change in the sub-arctic. New Phy-
tologist 131, 533e541.
Press, M.C., Potter, J.A., Burke, M.J.W., Callaghan, T.V., Lee, J.A.,
1998. Responses of a subarctic dwarf shrub heath community to
simulated environmental change. Journal of Ecology 86,
315e327.
Proctor, M.C.F., 1982. Physiological ecology: water relations, light
and temperature responses, carbon balance. In: Smith, A.J.E.
(Ed.), Bryophyte Ecology. Chapman and Hall, London,
pp. 333e381.
Proctor, M.C.F., 1984. Structure and ecological adaptation. In:
Dyer, A.F., Duckett, J.G. (Eds.), The Experimental Biology of
Bryophytes. Academic Press, London, pp. 9e37.
Proctor, M.C.F., 1990. The physiological basis of bryophyte
production. Botanical Journal of the Linnean Society 104, 61e77.
Root, T.L., Price, J.T., Hall, K.R., Schneider, S.H., Rosenzweig, C.,
Pounds, J.A., 2003. Fingerprints of global warming on wild
animals and plants. Nature (London) 421, 57e60.Sandvik, S.M., Heegaard, E., 2003. Effects of simulated environ-
mental changes on growth and growth form in a late snowbed
population of Pohlia wahlenbergii (Web et Mohr) Andr. Arctic
Antarctic & Alpine Research 35, 341e348.
Schofield, W.B., 1985. Introduction to Bryology. Macmillan, New
York.
Sokal, R.R., Rohlf, F.J., 1995. Biometry. Freeman, New York.
Sturm, M., Racine, C., Tape, K., 2001. Increasing shrub abundance in
the Arctic. Nature (London) 411, 546e547.
So¨derstro¨m, L., Hedena¨s, L., 1998. Checklista o¨ver Sveriges mossor.
Myrinia 8, 58e90.
Tamm, C.O., 1953. Growth, yield and nutrition in carpets of a forest
moss (Hylocomium splendens). Meddel. fra˚n Statens Skogsfors-
kningsinst., Stockholm.
Walker, M., 1996. Community baseline measurements for ITEX
studies. In: Molau, U., Mølgaard, P. (Eds.), ITEX Manual Ed. 2.,
International Tundra Experiment. Danish Polar Centre, Copen-
hagen, pp. 39e41.
Walker, M.D., Wahren, H.C., Hollister, R.D., Henryd, G.H.R.,
Ahlquist, L.E., Alatalo, J.M., Bret-Harte, M.S., Calef, M.P.,
Callaghan, T.V., Carrolla, A.B., Epstein, H.E., Jo´nsdo´ttir, I.S.,
Klein, J.A., Magnu´sson, B.o´., Molau, U., Oberbauer, S.F.,
Rewan, S.P., Robinson, C.H., Shaver, G.R., Suding, K.N.,
Thompson, C.C., Tolvanen, A., Totland, Ø, Turner, P.L.,
Tweedie, C.E., Webber, P.J., Wookey, P.A., 2006. Plant commu-
nity responses to experimental warming across tundra biome.
Proceedings of the National Academy of Sciences of the United
States of America 103, 1342e1346.
Walther, G.-R., 2010. Community and ecosystem responses to recent
climate change. Philosophical Transactions of the Royal Society.
B. Biological sciences 365, 2019e2024.
van der Wal, R., Pearce, I.S.K., Brooker, R.W., 2004. Mosses and the
struggle for light in a nitrogen-polluted world. Oecologia (Berlin)
142, 159e168.
van Wijk, M.T., Clemmensen, K.E., Shaver, G.R., Williams, M.,
Callaghan, T.V., Chapin III, F.S., Cornelissen, J.H.C., Gough, L.,
Hobbie, S.E., Jonasson, S., Lee, J.A., Michelsen, A., Press, M.C.,
Richardson, S.J., Rueth, H., 2003. Long-term ecosystem level
experiments at Toolik Lake, Alaska, and at Abisko, Northern
Sweden: generalizations and differences in ecosystem and plant
type responses to global change. Global Change Biology 10,
105e123.
Wielgolaski, F.E., Bliss, L.C., Svoboda, J., Doyle, G., 1981. Primary
production of tundra. In: Bliss, L.C., et al. (Eds.), Tundra
Ecosystems: A Comparative Analysis. Cambridge university
press, Cambridge, pp. 187e226.
Vitt, D.H., Pakarinen, P., 1977. The bryophyte vegetation production
and organic components of Truelove Lowland. In: Bliss, L.C.
(Ed.), Truelove Lowland, Canada: A High Arctic Ecosystem.
University of Alberta Press, Edmonton, pp. 225e244.
